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An Improved Linear Ion Trap Physics Package
J. D. Prestage
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This article describes an improvement in the architecture of the physics package

used in the Linear Ion Trap (LIT)-based frequency standard recently developed at

JPL. This new design is based on the observation that ions can be moved along
the axis of an LIT by applied dc voltages. The state selection and interrogation

region can be separated from the more critical microwave resonance region where the

multiplied local oscillator signal is compared with the stable atomic transition. This

separation relaxes many of the design constrain ts of the present units. Improvements

include increased frequency stability, and a substantial reduction in size, mass and

cost of the final frequency standard.

I. Introduction

The primary reason that ions confined to electromag-

netic traps are the basis for stable frequency standards is
that in the containerless environment of a trap, processes

that equalize atomic state populations and destroy coher-

ence within the state-prepared atomic ensemble are very

weak. In past work coherence times have been measured
in an ensemble of trapped Hg + ions of over 30 sec on the

40.5-GHz transition. Such weak relaxation has permitted
a resonance line width Au as small as 17 mHz on the 40.5-

GHz transition. This line-Q (t,/Ag = 2 x 1012 ) is the

highest ever measured on a microwave atomic transition

[1,2].

One disadvantage of a trapped ion-based frequency

standard is the relatively low density of the confined ions.

This leads to a low signal-to-noise ratio (SNR) in the de-

tected atomic resonance and consequently limits clock sta-

bility. This situation was greatly improved by the use of

the linear ion trap [2] where the number of trapped ions
was increased by more than 10 over conventional hyper-

bolic traps. The stability reached with the improved SNR

of the Linear Ion Trap (LIT) together with the high line-
Q has led to a tenfold improvement in clock stability over

conventional ion-based clocks. Indeed, the present LIT-

based clock shows stability competitive with the best H-

masers for averaging times less than 10,000 sec and exceeds
H-maser stability beyond 10,000 sec, making it the most

stable of all clocks for long-term stability. The LIT clock is,

however, relatively recent in its development and its con-

figuration continues to evolve. The purpose of this article
is to propose an improvement in the architecture of the

current physics package which will lead to improved long-

term stability, and a substantial reduction in size, mass
and cost of the final frequency standard.

II. Current LIT Operation

The present form of the LIT physics unit for frequency

standard operation is shown in Fig. 1. Ions are created

inside the linear trap by an electron pulse which ionizes

a weak vapor of parent neutral atoms introduced into the
vacuum system from a heated tlgO isotopic source. They

are held in the four-bar linear trap shown inside the region



enclosedbymagneticshields[3].Beforethestableatomic
frequencyof thetrappedionscanbecomparedwith the
multipliedoutputof a localoscillator(LO) or flywheel
oscillator,a populationdifferencebetweenthehyperfine
levelsofthegroundstatemustbecreated.Thisisdonevia
opticalpumpingwithultraviolet(UV)lightfromalaseror
adischargelamp.Asshownin Fig.1,opticalpumpingis
carriedoutbya2°_Hglampwhoseoutput light is collected

and focused onto the central portion of the ion cloud.

After state preparation, microwave radiation derived

from the LO is passed onto the ions to make a frequency

comparison with the stable atomic resonance. During this

period it is crucial that the atomic resonance frequency

not be perturbed by any changes in the trap environment.

Such fluctuations will be transferred to the servoed LO,

thereby degrading clock stability. Because the state select-

ing light will shift the atomic clock resonance, it is switched
off during the microwave interrogation time. Following the

microwave pulse, the lamp is turned on again to determine

whether the microwave radiation has changed the popula-

tion of the hyperfine levels of the atomic ion. Any fre-

quency detuning of the LO from the reference atomic fre-

quency will change the fluorescent light intensity measured

when the lamp is turned on. These fluorescence changes
are converted to a voltage and fed back to the frequency

control port of the LO to keep it on frequency with the
atomic oscillator.

It is apparent that the trap region is operated in two

modes in the process of steering an LO. In the first mode,
the atomic ions are prepared for microwave frequency com-

parison with the LO. In the second mode, the atomic

frequency is compared with the multiplied output of the

LO. During the state preparation and interrogation mode,
there are no stringent requirements on environmental iso-

lation or regulation, whereas during the resonance mode,

great care must be exercised in regulation of the atomic
environment to insure stable operation.

III. Improved LIT Design

Figure 2 shows a configuration of an ion trap-based

clock where these modes of operation are carried out in
two separate regions. The trap shown is a lengthened ver-

sion of the LIT of Fig. 1. In the new architecture of Fig. 2

the region labeled ion loading and fluorescence is some-

what smaller in size than the trap shown in Fig. 1. A
second linear trap has been added for a microwave reso-

nance region.

Adc break forms a junction between these two regions

to allow ions to pass from one region to another. The rf

trapping voltage for transverse containment of the ions is
continuous across this dc break. When the dc voltage lev-

els of all four trap rods are the same in both the upper

and lower regions, thermal motion of the ions will carry

them through the junction with no change in axial veloc-

ity. When the four trap rods in the upper region are at

negative dc voltage with respect to the lower region trap
rods, ions within a trap radius or so of the junction will

be transported across the junction into the upper region.

Only the ions near the junction will experience the elec-

tric field forcing them across the gap. Since each ion is in
thermal motion along the axis of the trap, it will reach the

junction within a trap-length transit time (typically about

1 msec) and then be pulled into the upper region, empty-
ing the lower region of ions. Similarly, when the upper

region is dc biased positive with respect to the resonance

region, all ions will be transported from the fluorescence

region to the ion resonance region. The dc potential along

the length of the trap that controls the region the ions
occupy is shown in Fig. 3.

The separation of the clock resonance region from the

optical and ion loading region relaxes many of the design
constraints of the present units. The microwave resonance

region can now be designed with no consideration of opti-

cal issues. A simple set of cylindrical shields and a solenoid

supply a very uniform and stable magnetic environment.

In Fig. 2 it is seen that the volume of the resonance region
is now reduced by about 100 as the magnetic shields are

10 times smaller in diameter. Since the resonance region

requires the most stringent temperature regulation of the

entire physics package, the size reduction enables simplifi-
cation of thermal control of the standard.

Similarly, the state selection optical design is now done

with no worry of perturbing the atomic resonance. In prac-

tice, this means that the optical components are no longer
required to be nonmagnetic as in the previous design.

The custom-made copper-titanium flanged UV transmit-

ting windows can be replaced with S-steel flanged win-
dows, which are each about $2,000 less expensive. The

$4,000 nonmagnetic UV light-collecting horn is replaced

by an S-steel elbow connecting the trap region to the vac-
uum pumps. The light source can be moved much closer to

the ion cloud, raising the possibility of using a collimated
UV source with no collection mirror, thus further reduc-

ing the final package size. Similar modifications could be

made in the collection arms to reduce size. These design

changes would not allow stable clock operation if the ions

underwent microwave clock resonances inside the optical

state selection region as in the previous design, because

of the large magnetic shifts of the atomic levels induced

by the close proximity of the light source and detectors.



Anothersimplificationgainedbyrelaxingthenonmagnetic
requirementis in theelectrongunassemblyandits heater
currentsupply.Theelectronsourceforioncreationisnow
remotefromtheatomicresonance region, allowing use of
the standard (magnetic) filament base and a floatable de

current drive. In the design of Fig. 1, ions are created

inside the resonance region and require a floating audio
frequency filament heater current to prevent the residual

dc magnetic field from the electron gun from shifting the
atomic ion frequency.

Additionally, the largest frequency offset and potential
instability can be reduced greatly by selecting a somewhat

longer trapping length in the atomic resonance region.

This frequency shift stems from the finite (i.e., nonzero)
ion cloud diameter in which ions spend time in regions of
large rf trapping fields where their motion results in fre-

quency pulling via the second-order Doppler or relativistic

time dilation effect. The magnitude of this offset depends

only on the linear ion density, N/L, and is given by [3]

An increase in the resonance trapping length to about

200 mm would reduce the clock sensitivity to ion number

variations by about a factor of 4 from that in the present
system of Fig. 1. Since ion number stabilization to the 0.1-

percent level has been demonstrated for 10 -15 frequency

standard operation in that system, an ion number-induced
instability noise floor below 2.5 x 10 -16 should be achiev-

able in this modified configuration.

IV. Conclusions

An improved architecture for a linear ion trap-based

frequency standard is described. Its design is a natural
extension of the original LIT and separates the state se-

lection and ion creation region from the atomic resonance

region. Many of the design constraints of the present con-

figuration are eliminated and a smaller, cheaper, more sta-
ble frequency standard becomes possible.
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Fig. 1. Present physics unit for the linear ion trap-based frequency standard. Hg ions are
state prepared and interrogated with the multiplied output of a local oscillator in the ion trap
housed inside the magnetic shielded region. The apparatus is about 2 m high by 1 m on a
side.
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Fig. 2. Improved physics unit for the trapped Ion frequency stan-

dard. Hg Ions are created and state prepared In the upper re-

gion of the trap, then electrically moved into the lower region,

where the Hg + atomic resonance frequency is compared with the

local oscillator frequency. The Ions are then moved back to the

slate selection region to check for frequency detunlng from the

LO during the resonance comparison. Overall dlmensions are

about 0.5 m by 10 cm.
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Fig. 3. The Improved linear ion trap with separated state selec-

tion and microwave resonance regions: (a) the complete ion trap,

showing the dc Junction; (b) a positive dc bias Is applied to the

loading and Interrogation trap rods forcing the ions into the res-

onance region; and (c) Ions are drawn back into the fluorescence

region by applying a negative bias.


